Sexual signals serve as an honest indicator of individual quality, reflecting either developmental and/or maintenance costs. A possible underlying physiological mechanism is oxidative stress, which could mediate energy trade-offs between sexual signals and other quality traits. In ectotherms, thermal performance acts as a key indicator of individual quality and influence signal intensity. We investigated how oxidative state is reflected in visual signals of lizards from different thermal habitats. According to our hypothesis, efficient thermoregulation requires different strategies in different thermal environments. In a habitat with predictable temperature changes, animals are less exposed to suboptimal temperature ranges and selection will, therefore, be stronger on the maximum oxidative damage at optimal body temperature. Contrarily, in a habitat with rather stochastic thermal shifts, individuals are often constricted by suboptimal thermal conditions, and oxidative damage can be limiting on a wide temperature range. We used Iberolacerta cyreni and Psammodromus algirus inhabiting stochastic and predictable thermal environments respectively. We examined two aspects of oxidative stress: the level of reactive oxygen metabolites at the preferred temperature (maximal ROM) and the temperature range in which animals produce at least 80% of the maximum level of reactive oxygen metabolites (effective ROM range). In I. cyreni, we found that duller coloration was related to a wider effective ROM range, while expression of coloration in P. algirus was negatively correlated with the maximal ROM. Our results suggest that different thermal constraints affect different aspects of oxidative damage which can indicate individual quality and are, therefore, represented in sexual ornaments.
Introduction
Reactive oxygen species (ROS) are produced during metabolism and immune processes as by-products of mitochondrial respiration (Halliwell et al. 1985; Korovila et al. 2017 ) and phagocytic cells' response against pathogens (Halliwell et al. 1985) , and can damage important biomolecules and cause malfunctions (Droge 2002; Halliwell et al. 1985; Korovila et al. 2017) . ROS are deactivated by antioxidants (e.g. carotenoids, vitamins C and E) (Burton and Ingold 1984) , but their oxidant capacity can sometimes exceed the action of antioxidants. This resulting imbalance in the redox homeostasis is referred to as oxidative stress (OS; Birnie-Gauvin et al. 2017; Korovila et al. 2017; Lemire et al. 2017) . Oxidative stress can act as a mediator between physiological state and sexual coloration and can be used to examine evolutionary and ecological questions such as trade-offs between reproductive success and life span or serve as an alternative for the energy-based trade-off conception (Monaghan et al. 2009; Zuk and Stoehr 2002) . Previous studies demonstrated that reduced protein intake in rodents decreased mitochondrial respiration and increased lifespan (Fernandes et al. 1976; Sanz et al. 2004) . Additionally, oxidative damage negatively affected coloration and consequently reproductive success in fish, Boglárka Mészáros and Lilla Jordán contributed equally to this work. reptiles and birds (Cote et al. 2010; Mougeot et al. 2010; Pike et al. 2007 ). Environmental factors like high temperature also increase levels of metabolic rate and, thereby, level of ROS (Lourdais et al. 2013) . In ectotherms, endogenous regulation of body temperature is limited rendering their physiological performance highly dependent on their environment (Dreisig 1984; Huey and Kingsolver 1993) . Performance affects life-history traits such as searching for mates and food, escape from predators, thermoregulation efficiency, reproduction, and survival, and is, therefore, expected to indicate individual quality (Cejudo and Marquez 2001; Ekner-Grzyb et al. 2013; Iraeta et al. 2010; Miles 2004) . Many bird and reptile species develop elaborate visual colour signals that affect mate choice (Bennett et al. 1997; Bennett et al. 1996; Rick and Bakker 2008a) and male-male competition (Bajer et al. 2011; Bajer et al. 2010; Perez i de Lanuza et al. 2014; Rick and Bakker 2008b; Whiting et al. 2015) . Colour signals can either be created by reflective structures (physical or structural coloration; e.g. ultraviolet [UV], blue) or by pigment molecules (chemical or pigment-based coloration; e.g. orange [carotenoids] , black [melanin]); (Kemp et al. 2012) . Since these two types of colour signals are linked by strikingly different physiological pathways, they can potentially represent different aspects of individual quality. Structural coloration is more easily developed but poses significant maintenance costs (Perez i de Lanuza et al. 2014) assuring its honesty as a signal. In lizard species, UV and blue patches have been demonstrated to convey information about fighting ability (Bajer et al. 2011) , bite force ), immune response ), parasite load (Molnár et al. 2016) or territory size (Molnár et al. 2016) .
Due to developmental and/or maintenance costs, intense nuptial colour badges are only affordable for better quality individuals (Moller and Delope 1994; Weaver et al. 2017) . Developmental costs could manifest as lower immune response or susceptibility to parasites (Salvador et al. 1996) , whereas maintenance costs can increase predation risk (Johnson and Candolin 2017) or aggression from conspecifics (Rick and Bakker 2008b) . Among lacertid lizards, the European green lizard (Lacerta viridis), the viviparous lizard (Zootoca vivipara), the wall lizard (Podarcis muralis) and the Iberian green lizard (Lacerta schreiberi) bear UV coloration as a sexual signal (Bajer et al. 2012; Martin and Lopez 2009 ) indicating condition , parasite infection (Molnár et al. 2013) and territory size (Molnár et al. 2016) , influencing mate choice and male-male competition (Bajer et al. 2011; Martin and Lopez 2009; Martin et al. 2015) .
On the other hand, intense carotenoid coloration requires high pigment concentration, and since carotenoid precursors can only be acquired from the environment (Grether et al. 2004; Kemp et al. 2012) , they are associated with individual quality traits and environmental stress factors Martin and Lopez 2009; Merkling et al. 2016; Pike et al. 2010; Vaclav and Kolnikova 2017) . Moreover, carotenoids are also involved in immune reactions as important antioxidants (Halliwell et al. 1985; Korovila et al. 2017 ) and higher amounts can, therefore, indicate less oxidative damage or a more efficient antioxidant response (Mougeot et al. 2010) .
Since an immune defence is energetically costly, more resistant individuals with genetically stronger immune system have more energy to invest in their coloration and produce more intensive colour signals (Salvador et al. 1996) . Oxidative stress can be a reliable mediator between health status and signalling traits (von Schantz et al. 1999 ) by connecting environmental factors, optimal performance, immunocompetence and nuptial coloration (Costantini et al. 2009; Peters et al. 2004) .
Physiological performance of a lizard is strongly temperature dependent; their performance can therefore be described as the function of temperature (performance curves). These curves are traditionally characterized by T max (the temperature of the maximal performance) or T breadth (the temperature interval where performance is at least 80% of maximal performance; Bulte and Blouin-Demers 2006; Cejudo and Marquez 2001) . It has previously been shown that different populations of the same species can follow different strategies under different thermal conditions (Gabirot et al. 2013) . However, to estimate resilience of diverse ectotherm species to changes in climate, we need to reveal coping mechanisms in various thermal habitats.
According to our hypothesis, efficient thermoregulation requires different strategies in different thermal conditions (i.e. in a predictably or in a stochastically changing thermal environment). Such strategies are expected to affect metabolic rate, oxidative stress and expression of nuptial coloration. We propose that lizards in a predictably changing environment should be less exposed to suboptimal temperatures. In this case, selection may be stronger on maximum oxidative damage suffered at optimal body temperature. Better-quality individuals are expected to show lower maximum oxidative damage and brighter signals. In contrast, lizards in a more stochastically changing environment should spend significantly more time at suboptimal temperatures. In this case, selection may be stronger on the temperature range where oxidative damage is still high. We are, therefore, expecting better-quality individuals to display high oxidative damage on a narrower temperature range.
The aim of our study was to examine how oxidative state and nuptial coloration are related in two lizard species from different thermal habitats. Individual quality was estimated by measuring intensity of sexual coloration and health state. To test our predictions, we used two variables depicting different aspects of oxidative damage: the level of reactive oxygen metabolites (ROM) at the optimal temperature, and the temperature interval in which animals suffer at least 80% of the maximal ROM (effective ROM range). We searched for correlation between individual quality and these aspects of oxidative damage.
Material and methods

Study species
The Carpetian rock lizard, Iberolacerta cyreni, is a mountain lacertid lizard native to Spain. The species' distribution area is the Sierra de Bejar, Sierra de Gredos, La Serrota and Sierra del Guadarrama 1800-2500 m above sea level (Prez-Mellado et al. 2009 ). Populations are found above woody areas, in dump, rocky, open scrublands where they occupy areas with inordinate microclimatic conditions-shady, cold cliffs and rocks exposed to direct solar radiation. Previous studies showed that the ventrolateral blue spots expressed by males in the mating season have an important role in intraspecific communication acting as indicators and that more saturated dorsal coloration is correlated with higher reproductive success (Lopez et al. 2004; . Psammodromus algirus is also a member of Lacertidae, native to France and Spain with a wide distribution from 0 to 2600 m above sea level. Populations are found in various habitats: pine and oak forests or scrublands where temperature fluctuations are buffered by high plant coverage (Mateo et al. 2009 ). Males develop orange coloration on the head and lateral blue ocelli which are also honest signals of individual quality (Martin and Forsman 1999; .
Field work, morphological measurements, blood sampling
We captured 15 I. cyreni and 15 P. algirus males in the mating season of 2016 in central Spain. I. cyreni from 'Puerto de Navacerrada' (40°47′ 04.1″ N, 4°00′ 44.8″ W; datum = WGS84) and P. algirus from 'La Golondrina' (40°45′ 06.0″ N 4°02′ 03.6″ W; datum = WGS84). All individuals were captured by noosing and transported to the laboratory of the 'El Ventorrillo' field station (Museo Nacional de Ciencias Naturales, CSIC) where we conducted all the morphological and spectrophotometric measurements and took blood samples on the day of capture. Lizards were housed individually in plastic tanks (60 × 40 × 40 cm) equipped with a shelter and coconut fibre socket. Optimal temperature (T day = 28 ± 2°C, T night = 21 ± 2°C) was maintained by placing all tanks in a heat-controlled chamber; basking spots were provided with spot lamps. Water and food (Tenebrio molitor larvae) were provided ad libitum, and full-spectrum lamps were used for lighting. The mealworms were fed on carrot which contains high concentration of carotenoids (Nicolle et al. 2004 ). We measured body length (SVL: snout-vent length) with a digital calliper (Mitutoyo, Kawasaki, Japan) and body weight (BW) with an analytical balance (Ohaus Scout Pro SPU-2001, Pine Brook, USA). Ectoparasites (Ixodes spp.) were counted for each individual, and blood samples were collected to estimate blood parasite load (Haemogragarinidae). We collected blood with a sterile 70-μl haematocrit capillary (Hischmann Laborgerate GmbH & CO. KG., Eberstadt, Germany) from the postorbital sinus, and used a drop to create a blood smear. Smears were fixed in methanol for 5 min, then dried and stained with Giemsa solution (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) for 50 min. The number of hemoparasites was calculated for 1000 red blood cells using a microscope to estimate parasite infection intensity.
Colour variables
We measured coloration from 320 to 700 nm with a spectrometer (USB 4000, Ocean Optics, Dunedin, Florida, USA) equipped with RX700 fibre optic and DT Mini 2 GS halogen and deuterium bulb (Ocean Optics, Dunedin, Florida, USA). We used a WS-1 white standard (Ocean Optics, Dunedin, Florida, USA) as a white reference, while the black reference was measured by blocking all incoming light. Colour measurement was performed as detailed in Bajer et al. (Bajer et al. 2010) . We recorded three independent measurements from each body part (head, back, throat, belly, flank) of each individual and averaged them separately. We subsequently averaged spectral measurements by 20 nm. We determined the approximate peak regions of each body part by running principal component analysis (PCA) on the spectral curves of each body part with data from all individuals pooled for both species (the peak regions of body parts for both species in the structural/pigment colouration ranges were as follows: throat 320-400 nm/500-650 nm; belly 320-380 nm/550-650 nm; flank 320-490 nm/490-650 nm). To characterize coloration, we calculated the following chromas (the average reflectance on the PCA-derived range divided by the average reflectance of the full spectrum) for each peak of body part: ThroatUV (R320-400/R320-700), ThroatYellow (R500-650/R320-700), BellyUV (R320-380/R320-700), BellyYellow (R550-650/R320-700), FlankUV (R320-490/R320-700), FlankYellow (R490-650/R320-700). In subsequent analyses, we used the above described morphological, parasite load and colour measures as independent variables.
Physiological performance
Before testing the physiological performance tests, the lizards had a 3-day-long acclimatization period. Physiological performance was characterized by performance curves. We first determined the preferred temperature (T pref ) of both species, using a temperature gradient in a rectangular area, where animals were able to move around freely for 60 min. During this period, we measured body temperature on the back of the individual in every 2 min with a laser thermometer (Raytek Raynger ST, Raytek GmbH, Berlin, Germany). T pref was defined as the average of 30 body temperature measurements. Minimum (T min ) and maximum temperatures (T max ) were chosen where individuals no longer gave the righting reflex, following the procedure of Spellerberg (1972) after being cooled down or heated up (with the use of icepacks or lightbulbs, respectively). This part of the experiment was 1 day long. We then defined two further temperatures distributed evenly between T pref and T max and another two between T pref and T min , dividing the temperature scale into six parts. We measured physiological performance for all individuals at all five temperature values and assigned 0 performance value to T min and T max . We set each individual to the desired body temperature (by using icepacks and spot lamps), then placed them into a circular arena, and gently encouraged animals to run until they no longer gave the righting reflex. We registered the distance completed for each individual at each temperature and collected blood samples after every trial using the method described above. Because of the blood sampling after every temperature, the individuals had a 1-day-long resting period. The performance tests on five temperatures were 10 days long. Samples were centrifuged at 7500 rpm for 5 min (Boeco H240, Boeckel & Co, Hamburg, Germany), and plasma was separated to Eppendorf tubes and stored at −20°C until further analyses.
After all experiments were done, lizards were released at the point of capture. No lizards died or suffered any injury as a result of handling, sampling or treatments.
Measurement of oxidative species
Oxidative status was characterized by the concentration of oxidative metabolites (ROM) in the blood plasma, measured with Diacron d-ROMs Test (Diacron Labs s.r.l., Grosseto, Italy). The tests were conducted following the protocol detailed in Mészáros et al. (2017) .
Statistical analysis
We used the statistical method developed for performance curves to establish the oxidative performance along the temperature scale. Thus, we plotted the ROM level measured at each trial against the body temperature of the trial and fitted a curve to the Kumaraswamy function (Cordeiro and de Castro 2011) . We determined variables characterizing oxidative performance as maximum ROM (the ROM level measured at the preferred body temperature) and effective ROM range (the ROM interval where the performance is at least 80% of the maximum ROM level = the difference of the two x-values where the y-value is 80% of the maximum y-value).
Normality was tested with Shapiro-Wilk tests and q-q plots. Depending on the results, we used general linear models (GLM) or generalized linear models (GLZ) for normal and non-normal distribution, respectively. For each species, we ran two models with the maximum ROM level or the effective ROM range as dependent variables. Explanatory variables in both models were SVL, condition (residuals from the linear regression of BW against SVL), parasite infection intensity, BellyUV, ThroatUV, FlankUV representing structural coloration and BellyYellow, ThroatYellow, and FlankYellow representing pigment-based coloration. In case of I. cyreni, endoparasite prevalence was 0.86, while that of ectoparasites was 0.0; we therefore used endoparasite infection intensity. In P. algirus, endoparasite prevalence was 0.0, while that of ectoparasites was 0.86; parasite load was therefore characterized by ectoparasite infection intensity. We used GLMs to test connection determinants of maximum ROM level in both species, and effective ROM range in P. algirus, and GLZ to investigate effective ROM range in I. cyreni. We applied backward stepwise model simplification in all models, nonsignificant explanatory variables were deleted one by one in decreasing order of P, and final models included only the significant main effects. Statistical analyses were performed using R (R Core Team 2016), and oxidative performance curves were created with TableCurve (SYSTAT Software Inc. 2002).
Results
Oxidative metabolite parameters showed significant correlation with signals of individual quality in both species. In I. cyreni, the effective ROM range was negatively correlated with FlankUV (Table 1, Fig. 1) , meaning that the individuals suffering substantial oxidative damage on a wider thermal range developed duller ventrolateral UV coloration, whereas maximum ROM level showed no correlation with any examined fitness traits.
In P. algirus, however, the maximum ROM level showed negative correlation with ThroatYellow (Table 2 , Fig. 2a ); that is, animals suffering a higher level of oxidative damage developed duller throat coloration. BellyUV of P. algirus was also negatively correlated to maximum ROM level (Table 2, Fig. 2b ), suggesting that more intense structural coloration appeared on individuals that exhibited lower level of oxidative damage. Furthermore, we also found a positive correlation between maximum ROM level and infection intensity of ectoparasites (Table 2, Fig. 2c ), revealing that individuals with a higher parasite load suffered higher oxidative damage.
Discussion
Our results show that different aspects of oxidative damage influence sexual signals in different thermal habitats, in line with the predictions of our hypothesis. In P. algirus, which lives in a more predictable thermal environment, maximum level of oxidative damage was reflected in signals of individual quality, while in I. cyreni, living in a more stochastic thermal habitat, the significant proxy of oxidative status was the effective ROM range. We compared P. algirus preferred temperature (28°C) to the temperature characteristics of its sampling site (year mean temperature 17.3°C, maximum mean temperature 22.7°C, minimal mean temperature 11.8°C; means during the activity period of lizards-March to October-of the years 1985 to 2010 [ncdc.noaa.gov, 2016a] ). It becomes clear that individuals of this species have access to preferred temperatures through long time-periods; the limiting factor, therefore, is not achieving optimal body temperature, but decreasing oxidative damage associated with high physiological performance. Contrarily to the predictable habitat, the thermal parameters of the sampling site of I. cyreni (year mean temperature 10.5°C, max mean temp 15.1°C, min mean temp 5.9°C; means during the activity period of lizards-April to September-of the years 1985 to 2010 (ncdc.noaa.gov, 2016b)) are substantially below the species' preferred temperature (29°C), making sufficient physiological performance a great challenge for the individuals. Reaching the adequate body temperature and spending excessive time at suboptimal temperatures can act as stressors, which corresponds with our finding that effective ROM range is the major limiting factor of individual quality in this species.
Higher concentration of oxidative metabolites-potentially higher oxidative damage-was negatively associated with coloration intensity in both species, which suggests that coloration is an honest signal of individual quality. In I. cyreni, individuals bearing duller ventrolateral UV suffered oxidative damage on a wider temperature scale. In lacertid lizards, ventrolateral UV colour has been shown to act as a sexual signal indicating health state as per the interspecific prediction of the Hamilton-Zuk hypothesis (Mega-Palma et al. 2016; Molnár et al. 2013; Rodrigo et al. 2016) . Higher levels of reactive species may oxidize pigment molecules which, therefore, result in loss of colouration and signalling (e.g. reduced carotenoid-related immune functions; Garratt and Brooks 2012; Hartley and Kennedy 2004; Metcalfe and Alonso-Alvarez 2010) . Oxidative damage can also affect the ultrastructures of UV-green-blue colouration. This may point to the possibility that ventrolateral UV colour is under strong sexual selection and operates as an honest signal of physiological state and tolerance on a wide range of temperatures (Lopez et al. 2004 ).
Contrary to I. cyreni, we found that the colour variables of P. algirus were correlated not with effective, but with maximum oxidative damage. More intense UV coloration was related to lower level of ROM. High amounts of ROM can have detrimental effects on the ultrastructures creating UV coloration, and thus decrease reflection. According to Carretero (2002) , blue spots on the ventrolateral area play an important role in males' intrasexual communication, so the correlation between colour intensity and oxidative damage suggests that these spots serve as honest signals of individual quality. Moreover, duller yellow throat coloration was paired with a higher level of ROM in P. algirus. Pigments producing yellow-orange coloration are known for their function as antioxidants (Olsson et al. 2009 ), which can result in individuals displaying more intense pigment-based coloration having higher amounts of antioxidant pigments and a more effective defence against harmful free radicals (Metcalfe and Alonso-Alvarez 2010). However, further clarification is needed to determine whether pigments are directly involved in neutralizing oxidative species and are, therefore, part of a trade-off between sexual signalling and redox homeostasis, or whether elevated amounts of oxidative species affect coloration indirectly through other undescribed processes.
Finally, we found that P. algirus males with more ticks had a higher level of maximum ROM. This species is known to have a so-called mite pocket (a skin-fold behind the neck rich in vessels) where ectoparasites accumulate in large numbers (Salvador et al. 1999) . As part of the inflammatory process induced by tick bites (Goldberg and Bursey 1991) , the immune system produces reactive oxidative species in an effort to combat pathogens, but also causing potential damage to the host molecules (Halliwell et al. 1985) . Although the number and prevalence of ectoparasites were strikingly high in this species, the same measures for blood parasites were zero. This raises an interesting question since endoparasite (Haemogregarinidae) prevalence in related sympatric species is 13-100% (Molnár et al. 2013) , with ticks serving as vectors of the blood parasites (Petit et al. 1990; Smallridge and Paperna 2000) . A possible explanation is that elevated levels of ROM due to constant exposure to ectoparasites inhibit blood parasite infection. This would also suggest the possibility of adaptive 'collection' of ectoparasites in environments where exposure to endoparasites is high-individuals with continuous immune response combating ectoparasites could be more resistant to endoparasitic infection. Interestingly, Carbayo et al. (2018) found a similar relationship for ectoparasite-endoparasite infection to our finding on these two species, comparing two populations of P. algirus at different altitudes. In their study, they present that the lowland population was highly infected with endoparasites but not with ectoparasites, while for the highland population they found the opposite: low prevalence of endoparasites and high prevalence and infection intensity of ectoparasites. A potential reason could be the lower condition of the lowland population due to habitat differences or climatic conditions. In conclusion, our results aligned with our hypothesis, since quality signals were correlated with different aspects of oxidative status in thermally different habitats. Average temperature increase or the change of temperature fluctuation can affect the physiological performance of the individuals and the survival of a population or species (Gilbert and Miles 2016; Kubisch et al. 2016) . The difference we found, together with the intraspecific variation, can suggest that adaptation to environmental conditions such as temperature can manifest through regulation of oxidative state, which should be considered in further exploring species' responsiveness and potential adaptive capacity to environmental change.
Based on our current results, we believe that it would be beneficial to look into the molecular composition of these species' pigment-based coloration and their potential roles as active antioxidants, as well as examining different environmental factors in relation to oxidative state. Involvement of further populations or more species would help to specify selective forces and broaden our understanding of the evolutionary processes acting in populations facing climate change. Nevertheless, the results unequivocally demonstrate that signal intensity and oxidative status are interconnected and are thereby honest proxies of individual quality.
